In this study, we prepared low-oxygen molybdenum ingot through optimized hydrogen reduction by preparing the metal powder and repeatedly applying vacuum arc melting. We determined the optimal heat treatment conditions for hydrogen reduction and oxygen content lowering and obtained molybdenum metal powder with 3,000 ppm of oxygen. The obtained molybdenum powder was converted into an ingot with low oxygen contents (<100 ppm) through repeated vacuum arc melting. The molybdenum ingot thus prepared can be used as raw material for sputtering targets.
Introduction
Molybdenum (melting point: 2,893 K) is a refractory metal similar to tungsten, with a low coefficient of thermal expansion and high thermal conductivity. Currently, molybdenum is widely used in stainless steel, machinery steel, and chemical products, and numerous studies aimed at investigating the use of molybdenum in high-value-added processes such as semiconductor manufacturing and liquid crystal display (LCD) sputtering are being conducted. 1, 2) Normally, molybdenum metal is obtained from molybdenite as follows. Molybdenite is oxidation-roasted to obtain molybdenum trioxide, which is refined by heating to 1,273 K in air and subjected to sublimation refining or wet treatment, which involves the formation of ammonium molybdate. Refined molybdenum trioxide is converted into molybdenum metal by hydrogen reduction.
3) Laboratory-scale reduction of molybdenum oxide and the relevant phase transition have been studied 35) but there is no study aimed at determining the oxygen content of molybdenum metal or decreasing the oxygen content by optimizing the reduction conditions.
Recently, high-purity molybdenum, which contains very low amounts of metal and gas impurities, has been deemed necessary for LCD sputtering. The oxygen content of the commonly used 3N grade molybdenum powder is about 4,000 ppm, but the desired oxygen level for the sputtering target is known to be less than 100 ppm. The mechanical properties of molybdenum are very sensitive to the amounts of metal and gas impurities. 6, 7) Therefore, during the hydrogen reduction of molybdenum trioxide into molybdenum metal, it is necessary to optimize the reduction conditions and suppress the oxygen content. Vacuum arc melting (VAM) is a suitable method for decreasing the amounts of gas impurities; the equipment necessary for VAM is more economical compared to that for other melting processes, which makes it an affordable process.
In this study, we aimed to produce molybdenum ingots with low oxygen contents (<100 ppm) by optimizing the hydrogen reduction conditions and establishing the suitable conditions for oxygen content suppression via subsequent VAM process.
Experimental Procedure
The experimental procedure for this study is depicted in Fig. 1. 3N grade MoO 3 was used as the raw material. The experimental process involved two steps: hydrogen reduction and VAM. MoO 3 was reduced in a tubular furnace containing a quartz tube 50 mm in inner diameter and 1,000 mm in length. MoO 3 was placed at the center of a high-purity aluminum boat 120 mm in length and 20 mm in width. Both ends of the quartz tube were sealed using silicon, and an Ar + 5% H 2 mixture was injected from one end. At the opposite end of the quartz tube, the moisture content of the EXPRESS REGULAR ARTICLE exhaust gas was measured using a thermohydrometer (KINMO KTH 350). The reaction temperature and time were varied during the experiment, and the relative humidity of the exhaust gas was measured while increasing the reaction temperature at the rate of 8 K/min, to measure the changes in reduction with temperature. 45 g samples of the reduced molybdenum powder were removed from the quartz tube and pressed into a º25 mm steel compaction mold under 20 MPa pressure to form compacts. The prepared molybdenum compacts were heated into sintered bodies in a vacuum furnace for 1 h at 1,773 K and 1.5 © 10 ¹3 Pa. The small laboratory-scale vacuum furnace used for the VAM experiment was a hydrocooling double chamber, the lower end of which was fused to a hydrocooling copper mold (º55 mm) to produce button-shaped ingots. The melting current was fixed at around 400 A, and a tungsten electrode was used. The molybdenum sintered body was mounted on the VAM equipment and vacuum-exhausted to about 0.67 Pa. Button-shaped ingots were melted every 2.5 min at a low Ar + 5% H 2 gas pressure of 7.6 © 10 4 Pa, and 5, 10 and 20 min of melting time was used for ingot production. The crystal structure of the final reduced material was determined using X-ray diffraction (XRD), and the phase was observed by electron microscopy. The changes in the oxygen content of the reduced material and button-shaped ingots were analyzed using a LECO TCH-600 analyzer. Gas measurements were performed thrice on the button-shaped molybdenum ingots, and the average of the measurement results was used.
Results and Discussion

Molybdenum trioxide reduction
Since MoO 3 is known to sublime at around 973 K, the temperature during the reduction process has to be controlled accurately. 3) In this study, we varied the temperature during MoO 3 hydrogen reduction to determine the optimal temperature for reduction; the results are listed in Table 1 . Primary reduction was carried out by heating 10 g of MoO 3 at 823 and 873 K for 1 h under H 2 /Ar (1:1) atmosphere (1.0 © 10 ¹3 m 3 /min). The results showed that MoO 3 had sublimed locally, and pure MoO 2 could not be recovered. When the material was heated to 773 K under the same conditions, pure MoO 2 could be recovered. Secondary reduction was performed under normal metal production conditions, i.e., by heating MoO 2 at 1,273 K for 1 h while injecting a 1:1 mixture of H 2 and Ar gas (1.0 © 10 ¹3 m 3 /min), and pure molybdenum was recovered. The current maximum recovered amount of MoO 3 in laboratory-scale experimentation, 30 g, was heated under the same conditions. In this case, the weight increased, and MoO 3 was not completely reduced to MoO 2 , indicating that MoO 3 existed with the reduced molybdenum. To achieve complete reduction to MoO 2 in the primary reduction, we increased the heat treatment time to 2 h, but MoO 2 still remained after the secondary reduction.
Normally, H 2 O produced during the reduction of MoO 3 must be removed by providing sufficient H 2 so that secondary oxidation is prevented. 3, 4) The amount of H 2 injected was varied using a mass flow controller (MFC) during hydrogen reduction in order to recover pure molybdenum. For every 1.0 © 10 ¹3 m 3 /min of Ar gas, 1.0 © 10 ¹3 and 2.0 © 10 ¹3 m 3 /min of H 2 gas was injected during MoO 3 reduction. The XRD results for the recovered sample are shown in Fig. 2 . As shown in the figure, when 1.0 © 10 ¹3 m 3 /min of H 2 gas was injected, residual MoO 2 was present and pure molybdenum could not be recovered. This was probably because of the presence of secondary oxidation products resulting from the insufficient removal of the formed H 2 O. When 2.0 © 10 ¹3 m 3 /min of H 2 was injected during reduction, a pure molybdenum phase was formed. Our results showed that to obtain molybdenum metal by suppressing secondary oxidation, 2.0 © 10 ¹3 m 3 /min of H 2 must be injected during hydrogen reduction so that oxidation by the H 2 O produced during reduction is prevented. 3, 4) We measured the level of H 2 O during the reduction of MoO 3 after optimizing the reduction conditions through our experiments, using a hygrometer to measure the relative humidity. As shown in Fig. 3 , the amount of H 2 O within the tubular furnace decreased with heat treatment, between 0 and Figure 4 shows the results of electron microscopy observations of the reduced material for various raw MoO 3 material and hydrogen contents. The MoO 3 particles formed in the early stages had sharp angles and were crystalline. At a H 2 injection rate of 1.0 © 10 ¹3 m 3 /min, mostly fine particles were formed. It is well known that the molybdenum particle size differs depending on the relative humidity in the furnace during hydrogen reduction. 3, 4) When the H 2 injection rate was increased to 2.0 © 10 ¹3 m 3 /min, the particles formed previously under the 1.0 © 10 ¹3 m 3 /min conditions increased in size and became spherical. Similar to previous results, the relative furnace humidity was lower at 2.0 © 10 ¹3 m 3 /min than at 1.0 © 10 ¹3 m 3 /min. This influenced particle growth; the particles grew while maintaining the exterior phase owing to the tensile strength between the particle surfaces.
4)
Oxygen impurities within molybdenum
Normally, the mechanical properties of molybdenum are very sensitive to the levels of metal and gas impurities. 6, 7) In this study, we measured the oxygen content of the ingots produced by the reduction of MoO 3 to molybdenum powder, degasification, and repeated VAM. Table 2 of H 2 , the oxygen content of the reduced molybdenum was 34,400 ppm, which was about 8,000 ppm lower than that before degasification. At 2.0 © 10 ¹3 m 3 /min of H 2 , the oxygen content of the reduced molybdenum was 3,040 ppm, which was 1,900 ppm lower than that before heat treatment. Because the oxygen level was high because of the residual MoO 2 when reduction was performed under 1.0 © 10 ¹3 m 3 /min H 2 , the material was not suitable for VAM. In this study, we subjected the molybdenum metal reduced under 2.0 © 10 ¹3 m 3 /min of H 2 after degasification to repeated melting. The oxygen content tended to decrease from the initial value of 3,040 ppm after degasification by repeated VAM under Ar + 5%H 2 . When the material was melted for 20 min, the oxygen content decreased further to 90 ppm, allowing for the production of a low-oxygen ingot appropriate for sputtering. This is thought to be because of the removal of H 2 O by the increased H 2 level and the high vapor pressure of MoO x .
11)
Conclusion
In this study, we successfully produced a low-oxygen (<100 ppm) molybdenum ingot by optimizing the hydrogen reduction conditions and subsequent VAM. We established the optimal conditions for hydrogen reduction and heat treatment appropriate for laboratory-scale experiments and measured the oxygen content and phase changes by varying the amount of H 2 injected. We could obtain pure molybdenum metal when 30 g of MoO 3 was reduced under 2.0 © 10 ¹3 m 3 /min of H 2 and 1.0 © 10 ¹3 m 3 /min of Ar for 2 h at 773 K as primary reduction, and for 1 h at 1,273 K as secondary reduction. The amount of oxygen, considered an impurity in molybdenum preparation, in the ingot reduced to 90 ppm during hydrogen reduction; this could be attributed to the refining effect, i.e., removal of H 2 O by increasing the H 2 level, and the high vapor pressure of MoO x . The molybdenum ingot with low oxygen content of less than 100 ppm has high economic potential as the raw material for sputtering targets. 
